In all mammalian species, critical events, including uterine receptivity and development of the conceptus (embryo/fetus and its associated extraembryonic membranes), must be intricately orchestrated and carefully timed during the window of implantation. Otherwise, failure of conceptuses to implant is inevitable, which accounts for 50%-75% of failures to establish pregnancy. Unlike human and rodent blastocysts, the blastocysts of pigs and ruminants undergo rapid transitions from spherical to tubular and filamentous conceptuses in response to histotroph during the peri-implantation period of pregnancy. Both arginine and secreted phosphoprotein 1 (SPP1; also known as osteopontin) are multifunctional molecules that increase significantly in ovine uterine histotroph during early pregnancy; however, little is known about their relationship and synergistic effects on conceptus development. Therefore, we conducted in vitro experiments using our established ovine trophectoderm cell line (oTr1) isolated from Day 15 ovine conceptuses to determine their migratory and adhesive responses to individual and combined effects of arginine and recombinant SPP1 (rSPP1) that contains an Arg-Gly-Asp (RGD) binding sequence. Migration and adhesion of oTr1 cells were significantly stimulated by rSPP1, whereas arginine alone only induced a significant increase in cell migration. However, the combination of arginine and rSPP1 had an additive effect on migration, and a synergistic effect on adhesion of oTr1 cells. Those cooperative effects of arginine and SPP1 were mediated by focal adhesion assembly-MTORC2-cytoskeletal reorganization and MAPK pathways. Collectively, results suggest that arginine and SPP1 in histotroph affect cellular events required for rapid elongation of ovine conceptuses during the peri-implantation period of pregnancy.
INTRODUCTION
In all mammals, the greatest constraint to reproductive performance is embryonic mortality, particularly during the early stage of embryonic development, known as the periimplantation period of pregnancy [1] . Unlike those of primates, rodent and/or equine blastocysts, the blastocysts of pigs, as well as those from sheep and other ruminants, undergo rapid elongation from spherical to tubular and filamentous conceptuses (embryo/fetus and its associated extraembryonic membranes) that requires proliferation, migration, and cytoskeleton reorganization of trophectoderm (Tr) cells, which adhere to the uterine luminal epithelia (LE) [2] . The uterine signals that regulate uterine receptivity to implantation must be initiated, and histotroph that provides key nutrients or molecules for conceptus development has to be secreted and/or transported into the uterine lumen. Those critical events must be intricately orchestrated and carefully timed during the window of implantation in all mammalian species [3, 4] . Otherwise, failure of conceptuses to implant is inevitable, which accounts for 50%-75% of failures of blastocysts to establish pregnancy [5] . In the livestock enterprises, such failure results in significant economic losses, whereas in human medicine, this is a major limiting factor in assisted reproduction technologies and successful outcomes of pregnancy [5, 6] .
Histotroph, the major source of nutrients required for conceptus development through the peri-implantation period, is a complex mixture of molecules secreted or transported into the uterine lumen by uterine LE, superficial glandular epithelia (sGE), and deeper glandular epithelia (dGE) [7] . The compositions and functional roles of histotroph during ovine pregnancy have been studied intensively [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For instance, arginine, a conditionally essential amino acid for most mammals, increases significantly during the peri-implantation period of pregnancy in sheep [13] . It is a building block for protein synthesis, but more importantly, it serves indispensable functional roles for normal development of conceptuses during the peri-implantation period of pregnancy [8-10, 12, 15, 17] . In vivo studies demonstrated that arginine increases proliferation of Tr cells of ovine conceptuses. Arginine is the substrate for production of nitric oxide (NO) via NO synthases and polyamines via either: 1) arginases and ornithine decarboxylase (ODC1), the conventional pathway, or 2) arginine decarboxylase (ADC) and agmatinase (AGMAT), the alternative pathway [9, 10, 12] . Further in vitro studies using ovine Tr cells (oTr1) demonstrated stimulatory effects of arginine on cell proliferation, protein synthesis, and production of interferon tau, the pregnancy recognition signal in ruminants, via its metabolism to NO and/or polyamines, particularly putrescine [8] . Secreted phosphoprotein 1 (SPP1; also known as osteopontin) is another intensively studied molecule in ovine uterine histotroph [14, 18, 19] . SPP1 is an extracellular matrix (ECM) protein that forms mosaic interactions with integrins between Tr and uterine LE for the attachment phase of implantation in most mammals [18, [20] [21] [22] . SPP1 is a multifunctional ECM protein that binds to several integrin receptors via its Arg-Gly-Asp (RGD) amino acid sequence to regulate proliferation, migration, adhesion, differentiation, and survival of cells, as well as immune functions in many physiological systems [14, 18, 23, 24] . In sheep, SPP1 binds the avb3 integrin heterodimer to increase oTr1 cell adhesion and migration, but not proliferation [14] . A previous study using oTr1 cells demonstrated cooperative (synergistic and/or additive) effects of arginine and SPP1 on cell proliferation via activation of the 3-phosphoinositide-dependent protein kinase 1 (PDK1)-Akt-tuberous sclerosis protein 2 (TSC2)-MTORC1 cell signaling pathway [11] . However, little is known about whether arginine and SPP1 also act cooperatively (additive and/or synergistic effects) to affect migration and adhesion of oTr1 cells or the underlying mechanisms responsible for those effects. Therefore, oTr1 cells were treated with arginine and recombinant SPP1 (rSPP1) containing an RGD binding sequence to determine their individual and cooperative effects on cell migration and adhesion. Our results indicate that arginine and rSPP1 act cooperatively to facilitate cytoskeletal reorganization, thereby increasing cell migration and adhesion, and that this synergism is mediated through activation of the MTORC2 cell signaling cascade.
MATERIALS AND METHODS

Chemicals
The following chemicals were purchased from Sigma-Aldrich: antibiotic solution (penicillin/streptomycin; catalog no. A5955); L-arginine hydrochloride (catalog no. A6969; CAS no. 1119-34-2); L-glutamine solution (catalog no. G7513; CAS no. 56-85-9); nonessential amino acids (catalog no. M7145); sodium pyruvate solution (catalog no. S8636; CAS no. 113-24-6); Dulbecco modified Eagle medium F12 (DMEM-F12; catalog no. D2906); insulin solution (from bovine pancreas, 10 mg/ml; catalog no. I6634; CAS no. 11070-73-8); and trypsin-ethylene diamine tetraacetic acid (catalog no. T4174). Customized Arg-free DMEM containing physiological concentrations of other amino acids in plasma and 5 mM D-glucose (formula 08-5009EF) and fetal bovine serum (FBS; catalog no. 10437-028) were obtained from Gibco. The rSPP1 was obtained from Dr. Robert C. Burghardt (Department of Veterinary Integrative Biosciences, Texas A&M University, College Station, TX).
Cell Culture
An established mononuclear ovine Tr (oTr1) cell line from a Day 15 sheep conceptus, exhibiting numerous properties of ovine Tr cells in vivo, was used in the present in vitro studies as described previously [14, 17] . The oTr1 cells were cultured in complete medium (CM), that is, DMEM-F12 with 10% FBS, 50 U/ml penicillin, 50 lg/ml streptomycin, 0.1 mM each for nonessential amino acids, 1 mM sodium pyruvate, 2 mM glutamine, and 4 lg/ml insulin. Medium was replaced every 2 days. When the density of cells in the dishes reached about 80% confluence, they were cultured at a ratio of 1:3, and frozen stocks of cells were prepared at each passage.
For the experiments, monolayer cultures of oTr1 cells (between passages 8 and 15) were grown in CM to 20%-30% and 50%-60% confluence in fourwell chamber slides (154534; Sigma-Aldrich) and T75 flasks (Costar no. 430641; Corning), respectively. Cells were serum and insulin starved for 24 h in customized medium, deprived of arginine for additional 6 h, and then either: 1) treated with arginine and/or recombinant SPP1 (rSPP1) at indicated concentrations in basal medium (BM; arginine-free customized medium containing 5% FBS and 1 ng/ml insulin), or 2) reseeded into a 24-transwell plate (Costar no. 3422; Corning) or 96-well plate (Costar no. 3595; Corning) and treated with arginine and/or rSPP1 in basal medium II (BM-II; serum-and arginine-free customized medium containing 1 ng/ml insulin). For each experiment, the design was replicated in three independent experiments.
Migration Assay
Cell migration was assayed using a 24-well Transwell plate with a porous polycarbonate membrane insert (8-lm pore size; Costar no. 3422; Corning) as previously described [14] . Briefly, the bottom surface of membrane inserts was precoated with 0.6 ml of bovine serum albumin (BSA; 100 lg/ml in PBS) for 30 min. The lower chambers were filled with 0.6 ml of basal medium II (BM-II; serum-and arginine-free customized medium containing 1 ng/ml insulin) containing either arginine (200 lM, i.e., the physiological concentration in the plasma), rSPP1 (1 lg/ml), arginine þ rSPP1, 10% FBS, or 10% FBS þ arginine (n ¼ 3 wells per treatment). Then the oTr1 cells that had previously been deprived of serum and insulin for 24 h and deprived of arginine for an additional 6 h in T75 flasks were added (50 000 cells per 0.05 ml BM-II per well) to the upper chamber assembly. After 24 h, the cells remaining on the upper chamber assembly were removed by scraping with a cotton swab. Membranes of inserts were rinsed with PBS and fixed in 4% wt/vol paraformaldehyde for 5 min. Membranes were removed from inserts, placed on slides, and overlaid with Prolong Gold Antifade (Thermo Fisher Scientific) with 4 0 ,6-diamidino-2-phenylindole (DAPI). Cells that migrated to the bottom surface of the membrane were counted in five independent, nonoverlapping sections of each membrane, which accounted for approximately 70% of the membrane area, using a Zeiss Axioplan 2 microscope with an Axiocam HR camera and Axiovision 4 software (Carl Zeiss Microscopy).
Adhesion Assay
Cell adhesion assays were performed as previously described [14] . Briefly, 96-well polystyrene plates (Costar no. 3595; Corning) were precoated overnight at 48C with 50 ll (20 lg/ml in PBS) of rSPP1, BSA (negative control; Sigma-Aldrich) or type I collagen (TIC; positive control; BD Biosciences; n ¼ 3 wells per treatment). After blocking each well with 100 ll of BSA (10 mg/ml in PBS), the oTr1 cells that had previously been deprived of serum and insulin for 24 h and deprived of arginine for an additional 6 h in T75 flasks were added (50 000 cells per 0.05 ml BM-II per well), and were allowed to attach for 1 h (378C, 5% CO 2 ) with or without the presence of 200 lM arginine. After 1 h for attachment, nonadherent cells were removed with medium by vacuum aspiration. After washing twice in PBS, the wells were fixed in 10% vol/vol formalin in PBS. Cell numbers were determined as described previously [25] . Briefly, medium was removed from cells by vacuum aspiration, and cells were fixed in 50% ethanol for 30 min, followed by vacuum aspiration of the fixative. Fixed cells were stained with Janus Green B in PBS (pH 7.2) for 3 min at room temperature. The stain was immediately removed using a vacuum aspirator, and the whole plate was sequentially dipped into water and destained by gentle shaking. The remaining water was removed by shaking, after which stained cells were immediately lysed in 0.5 N HCl (0.3 ml per well), and absorbance readings were taken at 595 nm using a microplate reader. As described previously [25] , cell numbers were calculated from absorbance readings using the following formula: cell number ¼ (absorbance - WANG ET AL. 
Quantitative Immunocytochemistry
The oTr1 cells were seeded onto Lab-Tek II four-well chamber slides (154534; Sigma-Aldrich). After serum and insulin starvation for 24 h followed by additional deprivation of arginine for 6 h, cells were treated with arginine (200 lM), rSPP1 (10 lg/ml), or arginine plus rSPP1. Cells cultured in BM served as the control. After 12, 24, and 48 h, cells were fixed with À208C methanol for 10 min and rinsed with 0.02 M PBS containing 0.3% Tween (PBST) for 5 min. The cells were blocked in 5% normal goat serum for 2 h at room temperature, rinsed, and then immunofluorescence staining was performed overnight at 48C using primary antibodies listed in Table 1 . Purified nonrelevant rabbit or mouse immunoglobulin G was substituted for the primary antibody at the same concentration as a negative control. Cells were then incubated with secondary antibodies listed in Table 1 for 1 h at room temperature, and then rinsed in PBST and overlaid with Prolong Gold Antifade with DAPI. Images were captured using a Zeiss Axioplan 2 microscope with an Axiocam HR camera and Axiovision 4 software. All parameters during image acquisition were the same. Signals were quantified by ImageJ software (version 1.47; National Institutes of Health) using a standardized procedure as described FIG. 1. Synergistic effect of arginine (Arg) and rSPP1 on migration of oTr1 cells. Cell migration was assayed using a 24-well Transwell plate with a porous polycarbonate membrane insert. The bottom surface of membrane inserts was precoated with 0.6 ml of BSA (100 lg/ml in PBS) for 30 min, and the lower chambers were filled with 0.6 ml of BM-II (serum-and arginine-free customized medium containing 1 ng/ml insulin) containing either arginine (200 lM), rSPP1 (1 lg/ml), arginine þ rSPP1, 10% FBS, or 10% FBS þ arginine (n ¼ 3 wells per treatment). Then, the oTr1 cells were predeprived of serum and insulin for 24 h, followed by further deprivation of arginine for additional 6 h in T75 flasks before addition (50 000 cells per 0.05 ml BM-II per well) to the upper chamber assembly of the 24-well Transwell. After a 24-h migration period, nonmigrated cells (upper chamber assembly) were removed and migrated cells were counted based on DAPI staining. Images (A) and quantifications (B) of DAPI-stained migrated cells demonstrated increased migration of oTr1 cells by stimuli of arginine and/or rSPP1. Data are expressed as a percentage relative to nontreated control cells. Both arginine and rSPP1 increase cell migration, independently and synergistically. Different superscript letters denote significant (P , 0.05) differences in cell migration due to treatment. Data are presented as means and SEM. Width of field, 220 lm.
previously [11, 26] . Briefly, the cell region of interest (ROI; number of pixels for the selected cell) was defined by the Freehand selection tool. The next step was to split the image into the three color channels (RGB merge/split function) to gain one image per channel, and then obtain the density value (DV; average signal per pixel for the selected cell) of each molecule depending on the fluorescent color of secondary antibodies. In parallel, average signal per pixel for a region selected just beside the cell was measured as background signal for subtraction. Finally, the corrected total cell fluorescence (CTCF; arbitrary units [a.u.]) was calculated based on the following formula: CTCF ¼ (DV À background signal) 3 ROI, indicating the level of protein expression per cell analyzed. Five fields (top, bottom, left, right, and center) were selected from each section of cells, and 10 cells from each field (i.e., about 150 cells per treatment) were evaluated.
Statistical Analyses
Normality of data and homogeneity of variance were tested using the Shapiro-Wilk test and Brown-Forsythe test, respectively, in SAS 8.1 (SAS Institute). Data were analyzed by least-squares one-way analysis of variance (ANOVA) as well as the Fisher least significant difference as post hoc analysis, with each well identified as an experimental unit. The significance of interactions between arginine and rSPP1 was analyzed by least-squares twoway ANOVA [27] . All analyses were performed using SAS. Data are expressed as means 6 SEM, and values of P , 0.05 were considered significant.
RESULTS
Arginine and rSPP1 Act Additively to Increase Migration of oTr1 Cells
We first investigated the effects of arginine and rSPP1, independently and in combination, on oTr1 cell migration after 24 h of incubation (Fig. 1, A and B) . Arginine and rSPP1 increased (P , 0.05) oTr1 cell migration by 1.7-and 1.3-fold at 24 h, respectively, compared with the BM-II group. Moreover, an additive increase (P , 0.05) in oTr1 cell migration occurred in response to arginine plus rSPP1 compared with BM-II (2.0-fold increase; P , 0.01), arginine alone (1.2-fold increase; P , 0.05), and rSPP1 alone (1.7-fold increase; P , 0.01). In addition, rates of cell migration for cells treated with arginine plus rSPP1 were greater (P , 0.05) than for the positive control (containing 10% FBS and 0.2 mM arginine) cells. Interestingly, no differences in cell migration were detected (P . 0.05) between cells treated with rSPP1 alone and 10% FBS alone.
Arginine and rSPP1 Synergistically Stimulate Adhesion of oTr1 Cells
Next, the effects of arginine and rSPP1 on oTr1 cell adhesion after 1 h of incubation were investigated (Fig. 2) . The rSPP1 increased (P , 0.01) oTr1 cell adhesion by 1.7-fold at 1 h, whereas arginine had no effect (P . 0.05; Fig. 2 ). However, a synergistic increase (P , 0.05) in oTr1 cell adhesion occurred in response to the arginine plus rSPP1 treatment compared with BM-II (2.2-fold increase; P , 0.01) compared with arginine alone (2.2-fold increase; P , 0.01) and rSPP1 alone (1.3-fold increase; P , 0.05). In addition, TIC increased (P , 0.01) oTr1 cell adhesion by 1.8-fold at 1 h, whereas no differences in cell adhesion were detected (P . 0.05) between oTr1 cells treated with TIC alone and the combination of TIC and arginine.
Arginine and rSPP1 Synergistically Activate Focal Adhesion Assembly via Increased Abundance of ITGB3 and Phosphorylation of FAK at the Basal Surface of oTr1 Cells As key components required for focal adhesion assembly, the abundance of ITGB3 and Y397-phosphorylated focal adhesion kinase (pFAK) was evaluated using quantitative immunocytochemical analyses (Fig. 3) . After 12, 24, and 48 h of incubation, expression of ITGB3 increased 8.4-(P , 0.01), 2.8-(P , 0.05) and 4.0-fold (P . 0.05) in the arginine-treated cells; 12.5-, 8.5-, and 9.5-fold (P , 0.01) in the rSPP1-treated cells; and 17.1-(P . 0.05), 14.1-, and 19.4-fold (P , 0.05) in the arginine plus rSPP1-treated cells, compared with BM control cells at each of the time points, respectively (Fig. 3, A-D) . The synergistic increase in ITBG3 was detected at 24 h, whereas the additive increases were evident at 12 and 48 h. Furthermore, pFAK increased 38.1-(P , 0.05), 2.2-(P . 0.05), and 3.6-fold (P , 0.05) in arginine-treated oTr1 cells; 27.5-(P , 0.05), 3.9-(P , 0.05), and 4.0-fold (P , 0.05) in rSPP1-treated oTr1 cells; and 98.8-, 8.4-and 10.5-fold (P , 0.05) in arginine plus rSPP1-treated oTr1 cells compared with BM control oTr1 cells at 12, 24, and 48 h, respectively (Fig. 3 , A-C and E). Again, there was a synergistic increase in pFAK at each of the three time points. In addition, cell spreading was also calculated to substantiate focal adhesion assembly (Fig.  3F ). After 12, 24, and 48 h of incubation, cell size increased 5.4-(P , 0.01), 3.7-(P , 0.01) and 5.6-fold (P , 0.01) in the rSPP1-treated cells, whereas arginine did not affect (P . 0.05) cell spreading. The cooperative effects of arginine and rSPP1
Synergistic effect of arginine and rSPP1 on adhesion of oTr1 cells. Polystyrene 96-well plates were precoated overnight at 48C with 20 lg/ml rSPP1, BSA (negative control), or TIC (positive control), and then saturated with 10 mg/ml BSA. Meanwhile, the oTr1 cells were predeprived of serum and insulin for 24 h, followed by further deprivation of arginine for an additional 6 h in T75 flasks prior to being added (50 000 cells per 0.05 ml BM-II per well) into the 96-well plate. After attachment for 1 h (378C, 5% CO 2 ) with or without 200 lM arginine, nonadherent cells were removed and adherent cells were determined. Data are expressed as a percentage relative to cells that contained BSA (precoated) only. rSPP1 but not arginine increased cell adhesion; however, synergistic effects were detected for the combination of arginine and rSPP1. Different superscript letters denote significant (P , 0.05) differences in cell adhesion due to treatment. An asterisk (*) denotes significant (P , 0.05) synergistic effects of arginine and rSPP1. Data are presented as means and SEM.
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were to increase cell spreading, which was detected at each of the three time points.
Arginine and rSPP1 Increase Abundance of Talin and Activate the MAPK Pathway by Increasing Phosphorylation of P38 in oTr1 Cells
The abundance of talin and phosphorylated P38 (pP38) were evaluated by immunocytochemical analyses (Fig. 4) . Compared with BM control oTr1 cells at 12, 24, and 48 h, talin increased 3.7-(P , 0.05), 6.7-(P , 0.05), and 3.1-fold (P . 0.05) in oTr1 cells in response to arginine treatment; 9.9-, 6.6-and 10.2-fold (P , 0.05) in response to rSPP1; and 21.6-, 8.4-and 15.0-fold (P , 0.01) in response to arginine plus rSPP1, respectively (Fig. 4, A-D) . However, the synergistic increase in talin in oTr1 cells in response to arginine plus rSPP1 was detected only at 12 h, whereas the additive increases were detected at 24 and 48 h of treatment. In addition, pP38 in oTr1 cells increased 2.5-, 6.0-, and 1.7-fold (P , 0.05) in response to arginine; 5.1-, 4.2-, and 7.4-fold (P , 0.05) in response to rSPP1; and 8.7-, 6.1-, and 5.8-fold (P , 0.05) in response to arginine plus rSPP1, compared with BM control oTr1 cells at 12, 24, and 48 h, respectively (Fig. 4, A-C and E) . Again, the additive effects of arginine plus SPP1 were detected at 12 and 48 h of incubation.
Arginine and rSPP1 Increase Abundance of a-Parvin and Intermediate Filament Cytokeratin in oTr1 Cells
To further monitor the end point effect of arginine and rSPP1 on the key pathways related to cytoskeletal reorganization, we next evaluated the abundance of a-parvin, which is associated with focal contacts and contains calponin homology FIG. 3. Arginine (Arg) and rSPP1 activate focal adhesion assembly via increased abundance of ITGB3 and phosphorylation of FAK at the basal surface of oTr1 cells. The oTr1 cells (n ¼ 3 wells) were seeded at 30% confluence onto Lab-Tek II four-well chamber slides. After serum and insulin starvation for 24 h followed by deprivation of arginine for 6 h, cells were treated in BM with or without arginine (200 lM), rSPP1 (10 lg/ml), or arginine plus rSPP1. Images (A-C) and quantification (D and E) of immunocytochemical analyses demonstrated increased abundance of ITGB3 in oTr1 cells treated with either arginine at 12 and 24 h, or rSPP1 at all three time points compared with BM control; moreover, the synergistic increases in abundance of ITGB3 were observed at each of the three time points. Phosphorylation of FAK increased in oTr1 cells treated with arginine at 12 h, as well as rSPP1 at 12 and 24 h. The synergistic effects of arginine and rSPP1 were detected at each of the three time points. Cell spreading (F) was calculated to substantiate focal adhesion assembly whereby rSPP1, but not arginine, increased cell size, whereas their cooperative effects were observed at each of the three time points. CTCF, corrected total cell fluorescence; DV, density value; a.u., arbitrary units. Width of image field, 220 lm. Different superscript letters denote significant (P , 0.05) differences among treatment groups at the respective time points; an asterisk (*) denotes significant (P , 0.05) synergistic effects of arginine and rSPP1 at the respective time points. All data are presented as means and SEM.
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domains to bind to actin filaments, as well as the abundance of intermediate filament cytokeratin in oTr1 cells at 12, 24, and 48 h of incubation (Fig. 5) . The a-parvin increased 10.5-, 4.2-, and 5.8-fold (P , 0.05) in arginine-treated oTr1 cells; 16.3-, 4.4-, and 9.6-fold (P , 0.01) in rSPP1-treated oTr1 cells; and 16.7-, 2.2-, and 18.9-fold (P , 0.01) in arginine plus rSPP1-treated oTr1 cells compared with BM control oTr1 cells at 12, 24, and 48 h, respectively (Fig. 5, A-C and E) . However, the additive increases in a-parvin were only detected at 24 and 48 h of incubation. Moreover, intermediate filament cytokeratin increased 17.9-, 8.3-, and 13.9-fold (P , 0.01) in arginine-treated oTr1 cells; 19.8-, 9.8-, and 32.5-fold (P , 0.01) in rSPP1-treated oTr1 cells; and 47.9-, 25.6-, and 53.1-fold (P , 0.01) in arginine plus rSPP1-treated oTr1 cells compared with BM control oTr1 cells at 12, 24, and 48 h, respectively (Fig. 5, A-D) . The additive effects of arginine and SPP1 on increases in cytokeratin were detected at 12 and 48 h of incubation, whereas their synergistic effects were detected at 24 h of incubation.
Arginine and rSPP1 Activate MTORC2 by Increasing Phosphorylation of Rictor and the Abundance of Microfilament F-actin in oTr1 Cells
To test the hypothesis that arginine and rSPP1 cooperatively affect cytoskeletal reorganization via MTORC2 signaling cascade (i.e., Rictor-Rac/Cdc42-actin cytoskeleton [28] ), the abundance of phosphorylated Rictor (pRictor) and microfilament F-actin in oTr1 cells was evaluated by immunocytochemical analyses (Fig. 6) . Compared with BM control oTr1 cells at 12, 24, and 48 h, pRictor increased 2.9-(P , 0.05), 2.1-(P . 0.05), and 3.2-fold (P , 0.05) in oTr1 cells in response to arginine treatment; 3.0-(P , 0.05), 2.0-(P . 0.05), and 3.3-fold (P , 0.05) in rSPP1-treated oTr1 cells; and 6.8-, 5.8-, and 13.0-fold (P , 0.05) in arginine plus rSPP1-treated oTr1 cells, respectively (Fig. 6, A-C and E) . However, the synergistic increase in pRictor in oTr1 cells in response to arginine plus rSPP1 was observed at 48 h, whereas additive effects were at 12 and 24 h. Furthermore, the abundance of microfilament F-actin in oTr1 cells increased 11.2-, 6.0-, and 19.1-fold (P , 0.01) in response to arginine; 7.2-, 3.5-, and 8.8-fold (P , 0.01) in response to rSPP1; and 41.9-, 11.5-, and 52.2-fold (P , 0.01) in response to arginine plus rSPP1, compared with BM control oTr1 cells at 12, 24, and 48 h, respectively (Fig. 6, A-D) . The synergistic increase in F-actin in response to arginine plus SPP1 was detected at 12 h of incubation, whereas the additive effects occurred at 24 and 48 h.
Arginine and rSPP1 Induce Reorganization of Cytoskeleton by Increasing the Abundance of Microtubule a-Tubulin in oTr1 Cells
Next, we investigated the abundance of microtubule atubulin in oTr1 cells by immunocytochemical analyses (Fig. 7) . The abundance of a-tubulin increased in oTr1 cells by 2.9-, 3.0-, and 3.2-fold (P , 0.01) in response to arginine; 6.6-, 5.9-, and 5.1-fold (P , 0.01) in response to rSPP1; and 11.1-, 12.6-, and 13.0-fold (P , 0.01) in response to arginine plus rSPP1, compared with BM control oTr1 cells at 12, 24, and 48 h, respectively. The synergistic increases in a-tubulin in response to arginine plus SPP1 were detected at 24 and 48 h, whereas the additive increase was at 12 h of incubation.
DISCUSSION
During the peri-implantation period of pregnancy in pigs and ruminants, the conceptus undergoes a rapid transition from spherical (0.4 mm in diameter at Days 10-11) to tubular (1.0 mm in diameter 3 33 mm in length at Days 12-13) and filamentous (68-190 mm in length between Days 14 and 16 of pregnancy in sheep; and 700-1000 mm in length between Days 14 and 16 of pregnancy in pigs) forms [17, 20] . This rapid change in morphology of the conceptus is highly correlated with the composition of histotroph, which is a complex mixture of molecules secreted or transported into the uterine lumen by uterine LE, sGE, and dGE [7] . In fact, it is during this period of morphological and functional transition in development that 30%-40% of conceptuses die because many fail to elongate and achieve sufficient contact between conceptus Tr and uterine LE/sGE for the uptake of nutrients and other components of histotroph, resulting in inappropriate signal were following the same way of treatments as previously mentioned. Images (A-C) and quantification (D and E) of immunocytochemical analyses revealed increased abundance of both a-parvin and cytokeratin in oTr1 cells treated with either arginine or rSPP1 compared with BM cells at each of respective time points. The synergistic effects of arginine and rSPP1 on increased abundance of cytokeratin in oTr1 cells were observed at all time points, whereas synergistic effects to increase the abundance of a-parvin were detected at 24 and 48 h. Width of image field, 220 lm. Different superscript letters denote significant (P , 0.05) differences among treatment groups at the respective time points; an asterisk (*) denotes significant (P , 0.05) synergistic effects of arginine and rSPP1 at the respective time points. Data are presented as means and SEM.
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transduction, and failure of maternal recognition of pregnancy signaling [5] . Therefore, it is critical to understand the functional roles of each component of histotroph and/or the associated cooperative interactions that support conceptus development. Our previous research demonstrated cooperative actions of arginine and SPP1 on the proliferation of oTr1 cells mediated via activation of the PDK1-Akt-TSC2-MTORC1 cell signaling cascade [11] . In this study, we further defined the cooperative effects of arginine and SPP1 on other behaviors of oTr1 cells to provide the first in vitro evidence for cooperative actions of arginine and SPP1 on migration and adhesion, as well as cytoskeletal reorganization of oTr1 cells. Arginine and SPP1 are individually important to conceptus elongation and implantation in sheep because arginine stimulates cell proliferation via the MTORC1 cell signaling pathway [8] and SPP1 facilitates cell adhesion via focal adhesion [14] . However, results of the present study revealed interactions between arginine and SPP1 that significantly advance the understanding of their roles in support of the intricately orchestrated events required for elongation of the conceptus and establishment of a successful pregnancy.
Results of this study provide evidence that arginine and rSPP1 act synergistically on oTr1 cells to increase migration and adhesion via activation of MTORC2-mediated cytoskeletal reorganization. First, rSPP1 significantly increased oTr1 cell migration ( Fig. 1) and adhesion (Fig. 2) , whereas arginine alone had a significant effect to increase cell migration (Fig. 1) but not adhesion (Fig. 2 ) of oTr1 cells. However, the combination of physiological levels of rSPP1 and arginine increased migration and adhesion of oTr1 cells to a greater extent than either one of them alone, such that there were additive and synergistic effects on cell migration and adhesion, respectively. Interestingly, no differences were observed in cell migration between oTr1 cells treated with rSPP1 and 10% FBS (containing fibronectin [TN] , TIC, and multiple growth factors), or cell adhesion between rSPP1 and TIC-treated cells. Those results suggest that effects of rSPP1 to stimulate cell migration and adhesion are similar to those for other ECM proteins, such as fibronectin and TIC, that also bind to integrin heterodimers and form focal adhesions. Although the stimulatory effects of rSPP1 alone on cell migration and adhesion were not specific, the cooperative effects of the combination of arginine and rSPP1 are novel. That is, there was no evidence of the cooperative effects of arginine and 10% FBS on cell migration, and there was no evidence for cooperative effects of arginine and TIC on cell adhesion. Thus, the specificity of the cooperative effects of arginine and SPP1 may result from crosstalk among the underlying cell signaling pathways induced by arginine and SPP1.
Arginine stimulates protein synthesis via activation of mechanistic target of rapamycin (MTOR), particularly MTORC1, whereas rSPP1 facilitates signal transduction by forming focal adhesions, which subsequently triggers and amplifies multiple signaling cascades [8, 11, 14] . Because MTOR has been linked to focal adhesion [29] and rSPP1 binds to avb3 integrin heterodimer via its RGD integrin-binding amino acid sequence to form focal adhesions [14] , we found FIG. 7. Arginine (Arg) and rSPP1 trigger the reorganization of cytoskeleton by increasing the abundance of the microtubule a-tubulin in oTr1 cells. The oTr1 cells (n ¼ 3 wells) were following the same way of treatments as previously mentioned. Images (A-C) and quantification (D) of immunocytochemical analyses revealed both arginine and rSPP1 increased abundance of a-tubulin, independently and synergistically, in oTr1 cells at all time points. Width of image field, 220 lm. Different superscript letters denote significant (P , 0.05) differences among treatment groups at the respective time points; an asterisk (*) denotes significant (P , 0.05) synergistic effects of arginine and rSPP1 at the respective time points. Data are presented as means and SEM.
that the abundance of ITGB3 and pFAK increased in response to arginine and rSPP1. ITGB3, a component of the avb3 integrin heterodimer, is the transmembrane receptor that links the ECM molecules (SPP1 in this study) to the cytoskeleton, thereby initiating focal adhesion assembly, whereas FAK is a 125-kDa protein recruited and tyrosine phosphorylated to participate in focal adhesion assembly [30] . In the present study, arginine and rSPP1 independently and cooperatively increased (P , 0.05) the abundances of ITGB3 and pFAK at the basal surface of oTr1 cells (Fig. 3) , demonstrating that their cooperative effects on migration and adhesion of oTr1 cells may be mediated by enhanced focal adhesion dynamics. In addition, talin is an essential and early component in focal adhesion assembly and a key indicator of integrin activation [31] . Thus, the rapid increases in abundance of talin in oTr1 cells in response to arginine and/or rSPP1 (Fig. 4) substantiate their cooperative effects on cell migration and adhesion via focal adhesion assembly.
Another novel finding of present study is that arginine and rSPP1 independently and cooperatively increased phosphorylated p38 in oTr1 cells. As a member of the MAPK family that is highly conserved in organisms from yeast to humans [32] , the p38 pathway plays a vital role in the proliferation, differentiation, and motility of Tr cells during conceptus development [33, 34] . Thus, cooperative activation of p38 in response to arginine and rSPP1 suggests crosstalk between MTOR and MAPK pathways and signal amplification by focal adhesion during the peri-implantation period of pregnancy.
Cell proliferation, migration, and adhesion are major events during the peri-implantation period of conceptus development. Cell migration and adhesion are directly regulated by extracellular cues acting as either attractants or repellants, which include soluble factors that can act at a distance (e.g., FIG. 8 . Model for induction of cell signaling for proliferation, migration, adhesion, and cytoskeletal remodeling of conceptuses via the MTORC1 and MTORC2 signaling cascades. Arginine and SPP1 activate MTOR cell signaling via pathways that converge on AKT1 and MTOR via MTORC1 (cell proliferation and gene expression) and MTORC2 (cell migration, adhesion, and cytoskeletal reorganization) to affect oTr cells in conceptuses for transition from spherical to tubular and filamentous forms that can signal pregnancy recognition, as well as undergo implantation and placentation. AKT1, protooncogenic protein kinase 1; RAPTOR, regulatory-associated protein of MTOR; RICTOR, rapamycin-insensitive companion of MTOR; IGF2, insulin-like growth factor 2; type I IGF2, type I insulin-like growth factor receptor; ILK, integrin-linked kinases; IRS1, insulin receptor substrate 1; PKC, protein kinase C; PRAS40, proline-rich Akt/PKB substrate 40 kDa; DE-PTOR, DEP domain-containing, MTOR-interacting protein; PRO-TOR, protein observed with RICTOR; NCK2, noncatalytic region of tyrosine kinase, beta; NOS3, nitric oxide synthase 3; PI3K, phosphatidylinositol 3-kinase; LIMS1, LIM and senescent cell antigen-like domains 1; S6K, S6 kinase. Reprinted with permission from Bazer et al. [44] . arginine), or local signals received from ECM (e.g., rSPP1). Once cells recognize the extracellular cues, a large variety of intracellular responses related to cytoskeletal reorganization can be triggered [35] . For instance, during cell migration, the extension of the leading edge of protrusions of a cell is the major driving force for the establishment of new adhesion sites at the front and contraction of the cell body, followed by detachment of adhesions at the rear of the cell [35, 36] . Meanwhile, microfilaments (3-6 nm in diameter; e.g., F-actin), microtubules (20-25 nm in diameter; e.g., a-tubulin), and intermediate filaments (10 nm in diameter; e.g., cytokeratin) are the three main cytoskeletal elements involved in cytoskeletal reorganization. Therefore, alterations in F-actin (Fig. 6, A-D) , a-tubulin (Fig. 7) , and cytokeratin (Fig. 5, A-D) in oTr1 cells were investigated in response to arginine and rSPP1. Arginine and rSPP1, independently and cooperatively, increased (P , 0.05) the abundances of F-actin, a-tubulin, and cytokeratin in oTr1 cells. Arginine stimulates synthesis of such cytoskeletal proteins, and rSPP1 facilitates signal transduction via increased cell spreading [8, 11, 17, 37] , which may explain their cooperative effects on migration and adhesion of oTr1 cells through focal adhesion-MTORC2-mediated cytoskeletal reorganization. Moreover, a-parvin also plays a role in the reorganization of the actin cytoskeleton by effecting formation of the leading edge protrusion of a cell after focal adhesion assembly, as well as effecting establishment of cell spreading and directed cell migration [38, 39] . Therefore, increases in aparvin in response to arginine and rSPP1 (Fig. 5) are also likely important in explaining their cooperative effects on the migration and adhesion of oTr1 cells via focal adhesion-MTORC2-mediated cytoskeletal reorganization.
MTOR is the catalytic subunit of two structurally distinct complexes: MTOR complex 1 (MTORC1) and MTOR complex 2 (MTORC2). MTORC1 is composed of MTOR, regulatory-associated protein of MTOR (Raptor), and mammalian lethal with SEC13 protein 8 (MLST8) as the core components. Alternatively, MTORC2 is composed of MTOR, rapamycin-insensitive companion of MTOR (Rictor), MLST8, and mammalian stress-activated protein kinase-interacting protein 1 (MSIN1). MTORC1 is key to the nutrient sensing cell signaling network that controls cell metabolism [17, 40, 41] , whereas MTORC2 functions as an important regulator of the cytoskeleton, as well as cell metabolism, partially through regulation of Akt/PKB and serum-and glucocorticoid-induced protein kinase (SGK) [42] . Previous studies revealed that arginine and rSPP1 cooperatively stimulate proliferation of oTr1 cells via activation of PDK1-Akt-TSC2-MTORC1 signaling cascades. In the present study, increases in abundance of pRictor as well as F-actin in oTr1 cells in response to arginine plus rSPP1 suggest that such cooperative effects on cytoskeletal reorganization may be mediated through the MTORC2 complex (i.e., Rictor-Rac/Cdc42-actin cytoskeleton [28] ), and activation of MTORC2 complex, including pRictor, is most likely via PI3K/Akt signaling in response to prolongedtreatment arginine and/or rSPP1 [43] .
In summary, arginine alone, at a physiological concentration, stimulated migration oTr1 cells significantly, whereas rSPP1 induced significant increases in both cell migration and adhesion. However, the combination of arginine and rSPP1 elicited additive effects on migration, and synergistic effects on adhesion of oTr1 cells. We hypothesize that arginine is the driving force for protein synthesis, which provides ample components for cytoskeletal reorganization and signal transduction, whereas rSPP1 facilitates cell migration and adhesion via regulation of focal adhesion dynamics required for amplification of signal transduction, and cytoskeletal reorganization (Fig. 8, with permission) [44] . In the present study, the additive effects of arginine and rSPP1 were likely achieved via cooperative stimulation of the focal adhesion assembly-MTORC2-cytoskelatal reorganization and MAPK pathways. This provides important insight into understanding the intricately orchestrated events and mechanisms responsible for conceptus-uterine signaling required for conceptus development, pregnancy recognition signaling, and implantation of the conceptus. Future studies will address the differences in signaling cascades between migration and adhesion in response to the cooperative actions of arginine and rSPP1 during the critical phase of peri-implantation conceptus development in sheep.
